This work addresses severe performance degradation for OFDM systems when long channel delays exceed a guard interval. Such long delays can be seen as an interference source on one hand and also as a valuable frequency diversity source on the other hand. Instead of simply suppressing such long delays, e.g. by beamforming at a transmitter, we propose a new precoding scheme, which attempts to find an optimum trade-off between the interference suppression and the diversity gain. An optimization problem is formulated by exploiting only long-term channel state information instead of instantaneous one. Then, it is solved based on the minimum mean square error criterion with a constraint on the transmit power. Computer simulation results show that the proposed scheme outperforms the conventional beamforming scheme.
Introduction
Broadband signals to achieve high data rates are expected in future wireless communication systems. Multicarrier systems, such as orthogonal frequency division multiplexing (OFDM) and multicarrier code division multiple access (MC-CDMA), were proposed as promising schemes for future mobile communications [1, 2] . Indeed, OFDM has already been adopted to standardized technologies aiming for high data rate services and has been successful over last years (e.g. [3, 4] ). The multicarrier systems handle the severe frequency selectivity resulting from the broadband signals in a simple and elegant way that is to apply Fourier transform and cyclic prefix (CP) as a guard interval (GI). However, considering various propagation scenarios in indoor and outdoor environments, when a maximum channel delay exceeds the GI, then severe performance degradation shall be observed.
To combat the performance degradation due to the delays exceeding the GI, several proposals have been made, e.g. in [5] [6] [7] [8] [9] . These proposals are equalizer variants performed at a receiver. Using these schemes loses the simplicity of multicarrier systems and results in a complex receiver. That is not suitable for mobile terminals in the downlink.
Recently, a linear precoding scheme for OFDM systems based on instantaneous channel state information (CSI) has been proposed in [10] . Although this scheme is effective for scenarios where the CSI can be assumed to be known prior to transmission, yet the knowledge of the instantaneous CSI at a transmitter is too demanding in some systems, e.g. in frequency division duplex (FDD) systems. The instantaneous CSI estimated from the uplink cannot be directly exploited for the downlink due to the carrier frequency difference. It should be also noted that a channel estimation error and a time varying channel shall have a strong impact 2 on the performance of the precoding scheme which is based on the instantaneous CSI.
In FDD systems, several transmit processing schemes based on long-term CSI have been proposed, e.g. in [11, 12] for DS-CDMA systems and in [13] for GSM. The long-term CSI (e.g. path delays and directions of departure) reflects geometrical characteristics of communication channel and it is independent of carrier frequency (e.g. [14] ).
We propose a new space-time precoding scheme for OFDM systems only based on the long-term CSI. The short-term and long-term CSI are explained in Section 2 in the context of system model description. In Section 3 a beamforming scheme is discussed as a conventional approach suppressing the long channel delays. Its disadvantage is discussed and illustrated by computer simulations that motivates the finding of our new space-time precoding filter.
The proposed space-time precoding scheme is derived in Section 4. The performance is evaluated by computer simulations which are shown in Section 5. This work is concluded in Section 6.
System Model
This section introduces our discrete linear baseband system model which is illustrated in Fig. 1 . Note that channel (de)coding and (de)interleaving are not shown in this figure. After the channel coding and interleaving, coded bits are modulated to complex valued baseband symbols which are arranged in the vector
of the n-th OFDM symbol where N c and [•] T are the number of subcarriers and the transpose of a matrix, respectively. The modulated signals are transformed by a filter T and are transmitted to a communication channel. Thus, the transmitted signal is expressed as
where M is the number of antenna elements at the transmitter and
is the size of the OFDM symbol including the GI of size N g which is normalized by the number of subcarriers N c . Note that the main focus of this work is to design the transmit filter T rather than a signal processing at a receiver in order to keep its simple structure. In case of a standard OFDM system with a single antenna (M = 1) at a transmitter, the filter T is simply a standard OFDM modulation:
where F H and G I are the inverse Fourier transform and the CP insertion matrix, respectively.
[•]
H denotes Hermitian transpose. The N c -point Fourier transform matrix F is defined as
and ω = e −j2π/Nc , 
where I Nc and B are an identity matrix of dimension N c and the last N g rows of I Nc , respectively.
The channel convolution matrix of block Toeplitz structure for the OFDM symbol at time n can be expressed as
where '⊗' and a l ∈ C M denote the Kronecker product and an array steering vector (e.g. [14] ), respectively. The array steering vector a l may also be generalized by a principal eigen vector of a spatial covariance matrix at a transmitter. The order L channel taps, h l , l = 0, . . . , L, are assumed to be uncorrelated complex Gaussian random variables. The delay matrix Γ is defined as
Similar to (4), the channel matrix for the OFDM symbol at time n − 1 can be expressed as
The channel matrix in (5) is defined to express the intersymbol interference (ISI) from the
. Then, the received signal vector can be written as
where η[n] ∈ C N is a noise vector in the time domain. Note that this is an extension of [15] by multiple antennas at a transmitter. The channel matrices in (4) and (5) reduce to simple convolution matrices in case of a single antenna at a transmitter because a l = 1, ∀l, for
Throughout the work, we consider a standard OFDM demodulation at a receiver with a single antenna. That is to remove the GI and perform the Fourier transform to recover the subcarrier signals. That is expressed bŷ
where the GI removal matrix is defined as [15] 
The subcarrier signalsŝ[n] are further soft-demapped, deinterleaved, and channel decoded subsequently.
In the following we briefly review a basic property of a standard OFDM system using the developed linear system model in case of a single antenna at a transmitter (M = 1).
In OFDM systems the CP is generally set to be larger than the maximum channel delay to avoid ISI. The ISI-free condition can be readily checked as
With (1), (2), and (7), (6) reduces tô
Furthermore, by adding and removing a sufficiently large guard interval at a transmitter and at a receiver, respectively, a channel convolution is transformed to a cyclic convolution. In the matrix form,
where h is the first column of H 0 (M = 1) [16] . Therefore (8) is simplified tô
is a noise vector in the frequency domain. This is a well-known OFDM property concisely expressed in a matrix form. There is neither ISI nor inter carrier interference (ICI). The subcarrier signals can be easily recovered independent of each other.
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As mentioned earlier, our goal is to design the transmit filter T . Our ingredients for the transmit filter design is the long-term CSI such as the array steering vectors (or the principal eigen vectors of the spatial covariance matrices) and the path delays, which we assume to be either estimated from the uplink or to be fed back from a receiver. The channel tap coefficients are considered as the short-term CSI and are assumed to be unknown at a transmitter.
Motivation: Applying Conventional Beamforming
As we have seen in the previous section, the OFDM modulation and demodulation transform a multipath channel to independent subchannels or subcarriers, as long as a GI is taken at least as large as the maximum channel delay. Once the maximum channel delay exceeds the GI, OFDM systems suffer from the ISI and ICI, and therefore the performance severely degrades. A possible way to mitigate these deteriorating effects is to suppress the long channel delays exceeding the GI. With multiple antennas at a receiver, a beamforming vector can be calculated so as to suppress the long delays [17] .
Similarly, the beamforming approach can be also applied at a transmitter. That is beneficial for the downlink in order not to increase the complexity at mobile terminals. As illustrated in Fig. 2 , the transmit filter in this case is expressed as (cf. Eq. (2))
where w ∈ C M is the beamforming vector. One of conventional beamforming schemes based on the long-term CSI is a look direction beamforming [18] . In order to concentrate the transmit power towards the paths having certain delays within the GI, a simple beamforming
Generalized system model. The transmit filter T is subject to the optimization while the receiver remains unchanged, i.e. the standard OFDM demodulation F G R where F is the Fourier transform matrix and G R removes the guard interval. Figure 2 : Transmitter applies the standard OFDM modulation followed by the beamforming. 8 vector may be computed as
where 
Proposed Space-Time Precoding
Our precoding filter design is to find an optimum trade-off between the diversity gain and the interference suppression with respect to the long channel delays exceeding the GI. Let us start with a simple analysis on the diversity due to the multipath in an ideal case, i.e.
the GI is taken sufficiently long so that there is no ISI and no ICI.
As described in Section 2, the OFDM modulation and demodulation transform a multipath channel into independent parallel subchannels (cf. Eq. (10)). The diagonal element of Λ in (9) represents a channel frequency response of each subcarrier. The diagonal matrix Λ can be expressed in the alternative form:
where ω is the Fourier coefficient defined in (3). This is a direct consequence from (9) taking
Or in other words, the linear Fourier transform of the channel tap coefficients is represented in a diagonal matrix form.
It is also useful later to define a cyclic delay matrix:
where e k , k = 1, . . . , N c is the k-th column of I Nc . This is a special form of circulant matrix where the following relation holds [16] F SF H = Ω.
Multiplying both sides of the equation l-times yields
Using these relations developed above, it is also straightforward to show (12) in a different way:
The first step simply used the definition of H 0 in (4) with M = 1, a l = 1. The second step applied the fact that the delay is transformed to cyclic delay for l ≤ N g , i.e.
We used (14) in the last step.
A key observation from (12) is that the diagonal matrix Λ is a superposition of the L + 1 diagonal matrices Ω l weighted by the channel tap h l . This is illustrated in Fig. 4 . In other words, the orthogonality among subcarriers (orthogonality means diagonal structure in a matrix form) is kept only if that is true for every path. Since it is assumed that the channel tap h l is unknown at the transmitter, the best we could do at a transmitter is to make use of the available paths as many as possible to get a large diversity while reasonably keeping 11 the orthogonality among subcarriers regardless of the value of h l . The effects of h l may be easily compensated at a receiver by means of a simple pilot aided channel estimation as long as the orthogonality holds among subcarriers.
Now consider the system model illustrated in Fig. 5 for the design of the precoding filter.
Ideally, the precoding filter T should be designed to optimize the signalŝ[n]. However, the channel tap h l is assumed to be unknown at a transmitter, thus we consider the linearly transformed equivalent system model in Fig. 6 . The OFDM demodulation F G R is linearly shifted to every path of the multipath channel. We design the filter T by optimizing the signals before the channel taps, instead of optimizingŝ[n].
We set up conditions to be satisfied by the filter T that are twofold: to avoid ICI and ISI. The condition to avoid the ICI on the l-th path before the channel tap h l can be written as (cf. Fig. 6 and Fig. 4(b) )
, which we multiply with F H from left to get
for 0 ≤ l ≤ L. These conditions are also meant to get full diversity from all the available paths. By collecting (15) for all l in matrices as
then we generalize (15) as follows
Similarly, the condition to avoid the ISI on the l-th path reads as (cf. Eq. (5))
for the path delays exceeding the GI (N g + 1 ≤ l ≤ L). We introduced the matrix
which cuts out zero part of the equation to neglect meaningless conditions. This results in (l − N g ) conditions because only the signal portion exceeding the GI is relevant to avoid ISI.
The matrices Φ ISI and Ψ ISI are defined similar to Φ ICI and Ψ ICI by stacking Φ ISI,l and Ψ ISI,l
in (17) for
. . .
, and
which generalizes (17) as
Remember that our precoding filter design is to find an optimum trade-off between the diversity gain and the interference suppression. Therefore, we arrange the two different conditions in (16) and (18) into one equation and solve it for the filter T . From (16) and (18), the desired signal u[n] and the estimated signalû[n] based only on the long-term CSI are, respectively, written as
where the white noise vectorη [n] with a variance σ 2 η is now also taken into account.
Based on these developments, the filter T can be computed based on any optimization criteria. Here, the minimum mean square error is applied to the optimization. The optimization problem is stated as
with the constraint on the available transmit power E Tx . This optimization problem can be solved using Lagrangian multipliers as in [19] . The solution is given as
where the optimum weighting factor β opt is found as
and 'tr' denotes trace of a matrix. The scalar p is calculated as
For a better understanding of the solution in (19) , let us further compute Φ H Ψ as follows
where we applied (14) in the last step. Then, we can rewrite (19) as
From (21), it is clear that the obtained filter applies the inverse Fourier transform followed by the matched filter Θ (matched to the channel without the short-term CSI, cf. Eq. (4)) and the interference suppression Υ −1 .
In contrast to the conventional beamforming in (11) , which spreads signal in the time domain (CP insertion) and then in the spatial domain (by beamforming vector) (also cf. Fig. 2 ), our new transmit filter spreads the signal in space and time simultaneously. The resulting guard interval is no longer cyclic extension, but it is rather optimized taking into account the long-term CSI. Fig. 7 illustrates the difference between the conventional beamforming approach and our proposed filter.
Simulation Results
Computer simulations have been performed to compare the performance of the proposed space-time precoding filter with that of the conventional beamforming. The basic simulation parameters can be found in Table 1 . The number of channel taps is set to 7 (L = 6)
with an exponential decay of 0.5 dB. The transmitter is equipped with M = 4 antennas while the receiver is equipped with a single antenna. The array steering vector of each path delay is computed 1000 times from a direction of departure, which is randomly generated from uniform distribution in the range of [0, 2π). For each array steering vector, a complex valued channel tap coefficient is generated 1000 times that results in a total of 10 6 channel realizations. We assume an ideal channel estimation at a receiver.
Two extreme cases of the GI are examined: with a sufficiently large GI (N g = 16 )
and without a GI (N g = 0). The coded BER performance is illustrated in Fig. 8 . In case of using a sufficiently large GI (N g = 16), there is no considerable performance difference between the two approaches. However, without GI (N g = 0), where strong ISI and ICI are present, then the performance difference becomes apparent. As discussed in Section 3, the beamforming approach shows some crossover points for the different choices of N b due to the trade-off between the interference suppression and the diversity gain. It can be seen that the proposed precoding filter clearly outperforms the conventional beamforming with any choice of N b .
Conclusion
It has been pointed out that the conventional beamforming, which simply suppresses the long delays, is not optimal in OFDM systems due to the trade-off between the diversity gain and the interference suppression, if channel coding is applied. The newly proposed space-time precoding filter seeks the optimum trade-off between the diversity gain and the interference 16 suppression. The proposed scheme may be applied in various scenarios because it does not depend on the short-term CSI. 
(a) uncoded BER performance. 
(b) coded BER performance. 
